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ABSTRACT 
Coordinated measurements of the earth's radiation to space within the 6 . 3 ~  
band of water vapor and the 8 - 13p atmospheric window were made over a five 
month period from February to June 1962 from the TIROS IV meteorological 
satellite. These measurements were analyzed to infer the spatial and temporal 
variations, on a quasi-global scale, of the following three quantities: (1) the 
mean relative humidity of the upper troposphere, (2) the mean effective tempera- 
ture of the cloud top, land, or  ocean surfaces, and (3) in conjunction with radio- 
sonde temperature data, the water vapor mass above the 500 mb level. 
The results show major regions of high moisture content over South America, 
Central Africa, and the western Pacific Ocean near the Intertropical Conver- 
gence Zone, plus several less prominent moist regions near the polar frontal 
zones in both hemispheres. The subtropical highs of both hemispheres a r e  re- 
gions of low moisture content, a s  would be expected from the general circulation 
pattern in the troposphere. 
- 
At equatorial latitudes the average surface temperatures exhibit a persistent 
minimum along a narrow band identified with the Intertropical Convergence Zone. 
Elsewhere the magnitudes and patterns of the mean surface temperatures a re  
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associated with semi-permanent regions, as well a s  with synoptic scale weather 
features along storm tracks in middle latitudes, especially during winter in each 
hemisphere. 
The distribution pattern of water vapor mass above 500 mb strongly follows 
the 500 mb temperature field. Near the equator 0.3 - 0.4 gm cm-2 of precipa- 
table water vapor a re  found, while in middle latitudes on the average only 0.02 - 
0.04 gm cm-2 are  present in the upper troposphere. 
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1. Introduction 
In the past only a very few workers have investigated the global distribu- 
tions of the total water vapor mass (e.g., Starr et al., 1958; Bannon and Steele, 
1960), of the relative humidity of the troposphere (e.g., SzAva-Kov&s, 1938; 
Telegadas and London, 1954), and of precipitation (e.g., M6ller, 1951; Geiger, 
1964). These analyses were  based largely on radiosonde measurements. How- 
ever, the extreme sparsity of stations over most of the earth's surface and the 
sizable measurement e r ro r s  cast doubt on the validity of these past analyses. 
Global satellite measurements of the thermal radiation from atmospheric water 
vapor over various parts of the electromagnetic spectrum promise to yield bet- 
ter determinations once methods a re  developed to extract from such measure- 
ments information about the vertical water vapor profile or the total water vapor 
content. 
Such measurements have been made thus far, from the meteorological 
satellites TIROS 11, TIROS 111, and TIROS IV, only in one narrow spectral in- 
terval (5.7 - 6.9 microns) centered within the 6.3 micron band of water vapor; 
and most recently from the second generation meteorological satellite Nimbus I1 
in an interval slightly displaced from that of TZROS. The outgoing radiance in 
the interval 5.7 - 6.9 microns is a measure of the mean relative humidity of the 
troposphere if  the temperature distribution is assumed to be known (RiIijller , 1961). 
Since some radiationfromboundary surfaces in the form of cloud tops also pen- 
etrates to space within this spectral interval, the temperature of these underlying 
surfaces must be known. NIGller (1962) and later Raschke (1965) combined simul- 
taneous measurements of the radiation between 5.7 and 6.9 microns and the 
radiation in the 8 - 13 micron atmospheric window to account for the temperatures 
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of high cloud surfaces. Their method, originally developed for evaluations of 
TIROS I1 and TIROS I11 measurements, is used here to evaluate the TIROS IV 
radiation data. 
From the meteorological satellite TIROS JY, infrared and reflected solar 
radiation from the earth was measured in five different channels over a five- 
month period from February 8 to June 30,1962 (Staff Members, 1963). An optical 
degradation of the sensors during this period necessitated correction of all 
the measured data (Staff Members, 1963; Bandeen et al., 1963). Some of the 
results are presented here,  e.g., maps of monthly averages of (1) the mean rel-  
ative humidity of the upper troposphere, (2) the effective surface temperature, 
and (3) the water vapor mass above 500 mb for February, April, and June 1962. 
Complete results and a comprehensive discussion of the research program a r e  
given in a Technical Report by Raschke (1966) to the NASA. 
2. Principles of the Evaluation Method 
The TIROS IV radiometer, having a relatively small field-of-view (about 5 
degrees of arc) essentially measures the radiance in the direction of the satellite 
from the instantaneous spot viewed. The effective radiance 7 of upward-going 
infrared radiation within a spectral interval described by the instrumental re- 
sponse function +v (filter function) can be calculated with the equation of radia- 
tive transfer for  a concentrically stratified atmosphere in thermodynamic equi- 
librium and containing no scatterers: 
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where N is the nadir angle of measurement, v the wave number, B, the Planck 
radiance at V, T the ambient temperature, p the ambient pressure, and 7, the 
spectral transmittance of the atmosphere between a level at ambient pressure 
and the satellite if w is the absorbing gas mass in the vertical between both 
levels. If more gases than one participate in the radiative transfer in the spec- 
t ra l  range described by the response function +,,, the function T ~ ,  must be re- 
placed by the product of the spectral transmittances for each gas. The sub- 
scripts f rs t f  and "otr refer to the satellite and the lower boundary, respectively. 
The total value of l ( N )  consists of contributions of radiation emitted from 
the lower boundary (first term) and from gases within the atmosphere above 
that boundary (second term). Between 5.7 and 6.9 microns the absorptivity of 
water vapor is so high that radiation emitted from the ground and from layers 
in the lower troposphere is absorbed completely in higher layers. Therefore, 
the 6.3 micron channel (Channel 1) of TZROS IV mainly receives radiation 
- emitted from water vapor in the upper troposphere. According to M6ller's 
(1961) findings, the 6.3 micron channel values a re  a measure of the mean rela- 
tive humidity of the troposphere above about 600 mb in the absence of clouds. 
- 
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Figure 1 shows that the 6.3 micron channel primarily measures thermal radia- 
tion from water vapor in layers between about 600 mb and 200 mb. Contributions 
below 600 mb a re  small because most of that radiation is absorbed before reach- 
ing space, while contributions from above 200 mb are small because of the very 
slight amount of water vapor. Figure 1 shows the weighted contributions of dif- 
ferent layers in a tropical model atmosphere (cf. Figure 2) to  the integrated 
outgoing radiance sensed by the 6.3 micron channel for mean tropospheric rela- 
tive humidities of 5% and 100% at nadir angles of 0" and 40" (equivalent to zenith 
angles at the surface of 0" and 46" respectively for the TIROS IV mean orbital 
height of 778 km). It is seen that the moister atmosphere moves the weighting 
function upward into colder tropospheric temperatures, resulting in lower radi- 
ance measurements than for the corresponding drier atmosphere. An increase 
in the nadir angle also moves the weighting function upward. 
From Figure 1 is is seen that, whereas in clear skies no radiation from the 
lower boundary is detected by the 6.3 micron channel and the first term in 
Equation (1) becomes zero, over high clouds radiation from the lower boundary 
(cloud tops) is detected by the 6.3 micron channel, and the first term as  wel l  a s  
the second term in Equation (1) becomes important. To account for these clouds, 
MGller (1962) used simultaneous measurements of the upward radiation in the 
atmospheric window between 8 and 13 microns (detected by Channel 2 of the 
TIROS IV radiometer) to yield the temperature of the lower boundary. 
The final evaluation procedure consists of comparing simultaneous measure- 
ments from the 6.3 micron and window channels with theoretically calculated 
measurements from model atmospheres. Calculations w e r e  carried out for the 
four model atmospheres (from Cole and Kantor, 1963) shown in Figure 2. 
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Evaluations of satellite data from a given latitude and season were carried out 
using whichever model atmosphere in Figure 2 most nearly corresponded to the 
climatological tabulations given by Kantor and Cole (1965). A constant relative 
humidity was assumed throughout the troposphere. A constant mixing ratio of 
water vapor to air  of 2 X 
at heights above 100 mb. A line of constant frost-point gradient connected the 
tropopause with the 100 mb level. For calculations of the upward radiation in 
the spectral range of the window channe1,carbon dioxide (at a constant mixing 
ratio of 0.00031 parts by volume) and ozone (using profiles for different lati- 
tudes from Paetzold and Piscalar, 1961) were taken into account in addition to  
water vapor. Cloud surfaces and the ground were both assumed to radiate a s  
black bodies at a temperature equal to that of the air  directly above them. 
gm/gm (after Masterbrook, 1963) was assumed 
A l l  calculations were  carried out with the computer program developed by 
Wark, Yamamoto, and Lienesch (1962). From the results thus obtained for dif- 
ferent tropospheric relative humidities and for different cloud heights (and 
temperatures) , evaluation diagrams w e r e  constructed. The diagram for radia- 
tion emerging vertically (N = 0) from the tropical model atmosphere is shown in 
Figure 3. In this diagram the pattern of isolines for different equivalent black- 
body temperatures T, (corresponding t o  values of effective radiance detected 
by each channel) shows the influence of tropospheric water vapor on the radia- 
tive transfer in both spectral intervals. With increasing surface temperature 
the curves for the 6.3 micron channel turn  markedly from the vertical to the 
horizontal, while those for the window channel change their direction only 
slightly. 
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The right hand side of the diagram represents soundings over clear areas  
o r  areas with low clouds. It is extended t o  surface temperatures higher than 
those given in the profiles in Figure 2, assuming that only the surface tempera- 
ture increases while all other conditions remain constant. On this side the re- 
sults are determined by the coijrdinates of points of intersection between two 
curves whose parameters a re  given by the satellite measurements. On the left 
hand side of the diagram the curves for the 6.3 micron channel measurements 
change their direction only slightly, indicating that over high, cold clouds the 
radiation detected by this channel comes primarily from the cloud surface. At 
equivalent blackbody temperature measurements by both channels of less  than 
228OK, it has been assumed that the upper troposphere is nearly saturated 
(relative humidity = 99%), a consequence of its being filled with clouds. This 
assumption in fact seems to be very arbitrary, because from measurements of 
the upward radiation it is not possible to distinguish between a high, cold, thin 
cirrus layer that is not completely opaque and a warmer, thicker, and opaque 
cumulus o r  alto stratus layer. 
The results which a re  obtained by this method of interpretation are: 
(1) values of a weighted average of the relative humidity above clouds 
(except above very high clouds), and 
(2) an effective surface temperature of the underlying boundary. 
Both of these quantities have been determined for ideal model stratifications 
only, viz., a mean climatological temperature profile and a cloudless and dust- 
less upper troposphere bounded below by a black emitting surface. Er rors  
arising from deviations of the actual atmospheric conditions from the model 
assumptions have been discussed extensively by Raschke (1965). They are  
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mainly caused by high, cold, but semi-transparent clouds and dust layers, which 
have other optical properties than the gases (Zdunkowski et al., 1965). Aerosols 
also affect the radiative transfer by absorption and emission (Robinson, 1962; 
Leupolt, 1965). The emissivity of the ground (e.g., Buettner and Kern, 1965; 
Hovis, 1966) and of cloud surfaces (Deirmendjian, 1960 and 1962; Havard, 1960) 
is less than unity and appears likely to be unequal in the two spectral intervals. 
3. Evaluation Procedure 
Data from both channels were affected by a degradation of the instrumental 
response while in orbit (Staff Members, 1963; Bandeen et al., 1963), and correc- 
tions for degradation were applied at the outset of the analysis. The correction 
nomogram for the Channel 2 (8 - 13 microns) data, taken from the TIROS IV 
Manual (Staff Members, 1963) is shown in Figure 4. Here  the corrections a re  
given in terms of an increment (Tbb - T L )  to be added to the measured equiva- 
lent black body temperature, TLb, to yield the correct value, Tbb. Parametric 
curves of TLb a re  shown, and the abscissa is scaled in terms of "Julian Days", 
i.e., the number of days after the launch of TIROS IV (launch day is Julian Day 0). 
(The te rm "Julian Day" as  used here is a misnomer, and was changed to llTIROS 
Day" for subsequent TIROS satellites.) Since the degradation of Channel 2 was 
found to be symmetrical i.e., at a given time the degradation of data obtained 
through either the 'Tloorl' or the lfwall" direction of view of the radiometer was 
the same (Staff Members, 1963) - only a single family o€ curves is shown in 
Figure 4. 
The correction nomogram for the Channel 1 (5.7 - 6.9 microns) data a s  
given in the TIROS IV Manual (Staff Members, 1963) also indicates symmetrical 
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degradation. However, a further study indicated that the degradation of Channel 1 
data was asymmetrical instead, i.e., at a given time the degradation of data ob- 
tained through the floor direction of the radiometer generally differed from that 
of data obtained through the wall direction. These conclusions derived from a 
statistical study of the correlation of uncorrected Channel 1 measurements with 
corrected Channel 2 measurements (corrected by Figure 4). By assuming, that 
(1) the Channel 2 corrections were valid throughout the radiometer's lifetime, 
(2) the correlation in tropical latitudes of simultaneous, undegraded Channel 1 
and Channel 2 measurements is time-invariant, and (3) above very high thick 
clouds both channels measure approximately the same (undegraded) equivalent 
blackbody temperature (Figure 3), it was possible to derive the new correction 
nomogram for  Channel 1 data shown in Figure 5. The asymmetrical nature of 
the degradation pattern thus deduced is indicated by the two separate families of 
curves in Figure 5, one for Ttf loorTT data and another for T1wallT1 data. It is in- 
teresting to note that before Julian Day 52 wall measurements were  higher than 
floor measurements (of equivalent targets) whereas after Julian Day 52 the pat- 
tern reversed. 
* 
After instrumental degradation corrections were  applied to individual meas- 
urements from both channels in the computer program, the data were categorized 
into three nadir angle intervals: 0"-26", 26"-36", and 36"-45". All  data correspond- 
ing to nadir angles greater than45" w e r e  rejected because of interpretive problems 
associated with the increasingly important limb effects (Figure 1) and possible 
space contamination of measurements made near the horizon. For each of the 
nadir angle intervals, the data from each orbit were averaged over a square 
mesh grid, related to latitude and longitude on a Mercator map projection where 
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1 mesh interval = 5 degrees of longitude (Staff Members, 1962). Thus on a 
Mercator projection one grid element on the equator corresponded to 5 degrees 
of longitude x 5 degrees of latitude, whereas at latitude 60 degrees one grid 
element corresponded to 5 degrees of longitude X 2.5 degrees of latitude. The 
averaging of data from each orbit in this way was necessary to reduce the 
effects of a rather large random noise component in the channel 1 data (Staff 
Members, 1963), although in doing so, the simultaneity of individual measure- 
ment pairs was lost. However, the resultant pairs of averaged measurements 
from each orbit were considered to  be representative of a simultaneous meas- 
urement pair over the mean state of clouds and moisture for each orbit within 
each grid element. Evaluation diagrams (Figure 3) were constructed for the 
four model atmospheres shown in Figure 2 and for the three nadir angle inter- 
vals listed above, and every pair of averaged measurements was evaluated with 
the applicable diagram to yield relative humidities and surface temperatures in 
every grid element covered by a single orbit. These "orbital values" for each 
grid element were subsequently averaged further to yield ten-day and monthly 
maps of the mean relative humidity and effective surface temperature. 
4. Mean Relative Humidity of the Upper Troposphere and Effective Surface 
Temperature 
Monthly averages of the mean upper tropospheric relative humidity and of 
the effective surface temperature a re  shown in Figures 6 - 11 for February, 
April, and June 1962. Isolines of relative humidity were drawn for 10, 20, 40, 
60, and 80%; those of effective surface temperature were  drawn for every 10K. 
Stippling indicates areas where no measurements were acquired, largely because 
of orbital characteristics and ground station locations (Staff Members, 1963). 
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Generally the patterns of both quantities correspond to those which would be 
expected from a knowledge of the general circulation in the troposphere. Moist 
areas with relative humidities over 60% occur along the Intertropical Convergence 
Zone over the western Pacific (over Malaysia and Indonesia during February and 
over the monsoon areas of south and southeast Asia in June), over South and 
Central America, and over Central Africa. In these areas,  known to be the 
areas of highest precipitation (e.g. see Moller, 1951; Geiger, 1964), upward 
motions of air  cause upward watcr vapor transport and, hence, condensation. 
Therefore, the low temperatures of high cloud surfaces have mainly been meas- 
ured; these then appear as  cold "islands" in the surface temperature maps. 
High values of the relative humidities (and low surface temperatures) also a r e  
found along the polar frontal zones of both hemispheres, which a re  known to be 
areas of high cyclonic activity. 
Subsidence of a i r  in the upper and middle subtropical troposphere causes 
dry air and low cloudiness. Very dry areas over subtropical latitudes have been 
found with satellite-measured relative humidities of less  than 10%. These low 
values agree very well with direct measurements made with frost-point hygro- 
meter soundings over the Kwajalein Atoll in November 1963 (Masterbrook, 
1965). Masterbrook found relative humidities there of less than 5% between 
300 and 600 mb, which is the region of the upper troposphere from which the 
5.7 - 6.9 micron channel primarily receives radiation (Figure 1). 
Over the subtropical oceans the monthly averages of effective surface tem- 
perature are about 12 - 17 K lower than climatological values of the water surface 
temperature, indicating low trade wind clouds or a small mean cloudiness during 
the one month period. Remarkably high temperatures a re  found in February over 
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the Ethiopian Plateau and the Sudan. This is the dry season when the mean 
cloudiness over these regions is the lowest of the entire African Continent 
(Haurwitz and Austin, 1944). In later months, the highest values of the mean 
surface temperature occur mainly over the deserts of North Africa and Arabia 
where the minimum summer values of mean cloudiness a re  found (Haurwitz 
and Austin, 1944). 
The migration northward of dry and moist belts and of warm and cold 
belts from February to June is clearly illustrated in the monthly maps and also 
in plots of ten-day zonal averages of both quantities versus time shown in 
Figures 12 and 13. In both of these figures the Intertropical Convergence Zone, 
identified by high relative humidities (40 - 60%) and low effective temperatures 
( <  270K), moves with the season from the Southern to the Northern Hemisphere. 
Figure 12 shows that the subtropical regions of the winter hemispheres a re  very 
dry (* 15% R.H.) a s  compared to the summer hemisphere. Also, in Figure 13 
it is seen that the effective surface temperatures of the winter subtropics in the 
Northern Hemisphere a r e  5 - 8 K warmer than their counterparts of the Southern 
Hemisphere winter subtropics. This contrast probably arises from the different 
distributions of land and ocean over the two hemispheres. 
The spatial coincidence of many moist and cold areas  in the maps (excluding 
those very cold areas where the T, values of both channels were less than 228K 
and the relative humidity was set at 99%; cf. Section 2 above) leads to the sug- 
gestion that the relative humidity generally is high above clouds (Moller and 
Raschke, 1963). This relationship might also be due to an additional thin and 
partially transparent c i r rus  layer over most of the cloud fields, or to the fact 
that the emissivity of clouds in the 5.7 - 6.9 micron region is higher than in the 
- 
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8 - 13 micron region (Havard, 1960). To investigate these possibilities the cor- 
relation coefficient R between relative humidities and surface temperatures 
was  calculated for all orbits during the month of March 1962. When all of the 
+ 
data were correlated the result was R = -0.54. When data involving high, cold 
clouds were eliminated from the sample by accepting only measurements where- 
in the effective surface temperature exceeded 270 K ,  the result was R = -0 .35,  
The considerably higher value of R over all data requires an even higher nega- 
tive correlation between the low surface temperatures of high clouds and the 
inferred relative humidity of the air  above. These statistics cast some doubt 
on the validity of the method above high cold clouds where the relative humidity 
of the air might be supposed to be a s  variable a s  it is above low clouds. It is 
pointed out that if one of the biasing mechanisms suggested above is operating, 
the resulting abnormally high relative humidities determined for the air  above 
high cold clouds would tend to be compensated by the necessarily high relative 
humidities within the clouds themselves (although in theory the method does not 
consider the air within the cloud). Clearly, additional work is required on the 
interpretation of the data above high, cold clouds. 
5. Water Vapor Mass Above 500 mb 
The total water vapor mass above 500 mb was estimated by assuming that 
the values of the satellite determined mean relative humidity a re  representative 
of the atmosphere above 500 mb (Figure 1) and that the air  temperature at the 
500 mb level is known. The applicable temperature profile according to latitude and 
season from Figure 2 was selected and displaced slightly in the vertical a s  
required to intersect the known 500 mb temperature. The 
constructed in accordance with Section 2 above. Thus for 
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moisture profile was 
given values of the 
- 
mean relative humidity, the 500 mb temperature, and the latitude and season, 
the water vapor mass above 500 mb is uniquely determined. 
The values of the mean upper tropospheric relative humidity were taken from 
Figures 6, 8, and 10. The 500 mb temperature fields were constructed from the 
"Monthly Climatic Data for the World" (USWB, 1962), and the latitude and season 
were known from the basic radiation data documentation. The resulting monthly 
maps of the total water vapor mass above 500 mb between 55"N and 55"s during 
February, April, and June 1962 are  shown in Figures 14, 15 and 16. Isolines 
were drawn for 0.01, 0.02, 0.04, 0.06, 0.08, 0.1, 0.2, 0.3, and 0.4 gm cm-2 of 
precipitable water vapor. The patterns in all of these Figures show that, in 
general, high arnoucts o c c u  in the tropics and low amounts accur a', high lati- 
tudes, indicating the dominant influence of the a i r  temperature on the water vapor 
content of the troposphere. The warm tropical centers of high relative humidity 
over Southeast Asia, South America, and Central Africa (cf. Figures 6, 8, and 
10) a re  reflected in Figures 14, 15, and 16  a s  centers of the largest ( > 0.3 
gm cm-2) amounts of water vapor. These areas a re  known to be areas  of 
highest precipitation. By comparison, the comparatively cold high latitude 
regions, although having high relative humidities, have very low amounts of 
water vapor, emphasizing the strong dependence of water vapor mass  on the 
air temperature. These distributions agree satisfactorily with those determined 
by Bannon and Steele (1960) from radiosonde measurements made during the 
years 1951-1955. A comparison of the three maps in Figures 14 - 16 shows the 
northward migration of the distinctive moisture patterns with the sun. These 
shifting patterns a re  brought out more clearly in Figure 17 where isolines of 
zonal averages of the water vapor mass are plotted against time after launch. - 
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6. Conclusions 
Coordinated infrared radiometric measurements in two spectral intervals 
from the TIROS IV meteorological satellite have been interpreted in terms of 
three parameters: (1) the mean upper tropospheric relative humidity, (2) the 
surface temperature of land, sea, or clouds, and (3) the water vapor mass above 
the 500 mb level. Strictly speaking such interpretations a re  possible only in a 
clear atmosphere above opaque, homogeneous clouds or other boundary surfaces 
which fi l l  the instantaneous field-of-view of the radiometer and which radiate 
like black bodies in the two spectral intervals of interest. To the extent that 
these conditions a re  not met and to the extent that particulate matter (such a s  
dust, ice crystals, and water droplets) enters into the transfer of radiation in 
the actual atmosphere, uncertainties a r e  introduced into the results. Uncer- 
tainties also arise from the degradation of the radiometer calibration while 
the satellite is in orbit, but the effects of instrumental instability have largely 
been determined, and meaningful corrections can be applied to the measurements. 
Despite these uncertainties, the results shown here over a period of nearly 
five months give a new insight into the role that water vapor may play in the 
climatology, general circulation, and heat budget of our planet. More accurate 
measurements of the water vapor content of the entire atmosphere should become 
possible from future meteorological satellites, such a s  the Nimbus series,  in 
polar orbits and with improved instrumentation making measurements in several 
spectral intervals over a water vapor absorption band. 
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Figure 1 -The contributions of layers of a cloudless tropical model atmosphere 
(Figure 2) to the outgoing effective radiance detected by the 5.7-6.9 micron 
channel of TIROS IV for two relative humidities (5%; 100%) and two nadir 
angles ( N =O'; 40'). The abscissa i s  shown i n  terms of V X  the effective 
radiance per kilometer to conform to the radiometer calibration which isgiven 
in terms of effective radiant emittance (Staff Members, 1963). 
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Figure 2-Model atmosphere temperature profiles. 
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